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Abstract:  The  ASALT  lab  has  been  investigating  the  use  of  a  segmented  MEMS 
DM  in  adaptive  optics  systems.  One  of  the  anticipated  benefits  of  a  segmented  de¬ 
vice  is  that  in  monochromatic  light  the  throw  is  essentially  infinite  due  to  the  modulo 
2jt  nature  of  the  device.  Earlier  work  demonstrated  how  this  modulo  2 n  behavior  in¬ 
teracts  unexpectedly  with  a  standard  proportional  integral  controller.  Here  we  present 
experimental  data  on  this  effect  to  include  the  testbed  on  which  the  data  was  taken  and 
the  methodology  used  to  measure  the  effect.  Keywords:  Deformable  Mirror.  MEMS, 
Adaptive  Optics,  Control  Law 


1.  INTRODUCTION  AND  BACKGROUND 

For  centuries  astronomers  have  been  plagued  by  effects  of  the  atmosphere  on  their  ground  based  im¬ 
ages.  Images  formed  on  the  focal  plane  of  a  telescope  suffer  from  phase  distortion  and  an  overall  tilt  on 
wavefronts  caused  by  atmospheric  turbulence.  This  causes  aberrated  images  to  form  at  the  focal  plane, 
decreasing  overall  performance  of  the  imaging  system.  The  advent  of  adaptive  optics  has  greatly  enhanced 
the  performance  and  quality  of  imaging  systems,  especially  in  the  astronomical  community.  Many  astro¬ 
nomical  discoveries  would  not  have  been  possible  without  the  use  of  adaptive  optics. 

Ground  based  telescopes  using  adaptive  optics  systems  have  the  capability  of  achieving  diffraction-limited 
imaging  and  therefore  can  produce  high  quality  science.  An  AO  system  consists  of  three  major  compo¬ 
nents:  a  wavefront  sensor  (WFS)  to  detect  the  optical  disturbance,  a  deformable  mirror  (DM)  to  correct  for 
the  optical  disturbance,  and  a  control  computer  to  monitor  the  sensor  information.1  These  systems  work 
to  remove  higher  order  distortions  to  stabilize  the  position  of  the  astronomical  images  by  removing  the 
overall  tilt.2  AO  systems  simultaneously  relay  the  image  to  the  science  camera  while  removing  the  higher 
order  aberrations  with  the  DM  and  tilt  aberrations  with  a  fast  steering  mirror  (FSM)  leaving  only  minor 
amounts  of  residual  error  in  the  wave  front  .2  Figure  I  shows  a  simplified  schematic  diagram  of  an  adaptive 
optics  system  consisting  of  a  FSM,  DM.  WFS,  and  controlling  computer. 

Conventional  AO  systems  use  a  continuous  face  sheet  DM,  i.e.  a  DM  with  N  number  of  actuators  with 
finite  throw.  These  DM's  are  known  to  perform  very  well  in  moderate  to  mild  turbulence.  Here  we  inves- 
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Fig.  I .  Diagram  of  a  typical  AO  system 


ligate  a  smaller,  segmented  Micro-Electrical-Mechanical-System  (MEMS)  DM.  ME.V1S  is  the  integration 
of  mechanical  elements,  sensors,  actuators  and  electronics  on  a  common  silicon  substrate  through  micro¬ 
fabrication  technology.  MEMS  brings  together  silicon-based  mircoclectronics  with  micromachining  tech¬ 
nology.  making  possible  the  realization  of  complete  systems  on  a  chip.  The  ASALT  lab  at  Siarlire  Optical 
Range  has  been  investigating  the  performance  of  a  MEMS  segmented  DM  in  various  turbulent  regimes. 

We  have  successfully  characterized  the  performance  of  this  device  and  compared  performance  to  that  of  a 
continuous  face  sheet  DM  used  in  conventional  adaptive  optics^rM,and  we  have  now  turned  our  attention 
to  the  impact  a  segmented  DM  has  on  conventional  control  law! - — 

C.  <S  W/haJ  ' 

2.  PROBLEM  FORMULATION-CONTROL  LAW  A  r  S'er,^ 

This  research  focuses  on  the  AO  control  law.  Conventional  control  law  uses  what  is  known  as  a 
proportional-integral  (PI)  controller,  to  monitor  information  from  the  wavefront  sensors  and  to  determine 
what  commands  should  be  sent  to  the  DM.  We  implemented  this  standard  controller  w  ith  the  MEMS  DM 
and  found  the  performance  degraded  greatly  compared  to  a  continuous  face  sheet  DM  ran  with  the  same 
controller.4  Initial  data  showed  the  reason  for  this  degradation  was  due  to  the  real  time  reconstructor  (RTR). 

In  the  ASALT  lab  the  phase  information  is  measured  by  a  self-referencing  interferometer  (SRI)  which  cap¬ 
tures  mod( 2>t)  phase.  This  phase  information  needs  to  be  converted  to  a  functional  form  that  the  DM  can 
use:  this  process  is  called  reconstructing  the  wavefront  and  is  accomplished  by  the  RTR.  The  RTR  best  fits 
the  measured  phase  w  ith  a  continuous  2-D  function,  calculates  tilt  and  piston  and  subtracts  both  of  those 
and  a  reference  map  to  produce  the  residual  phase.  The  output  of  the  RTR  goes  to  the  DM  controller  where 
the  mirror  commands  are  calculated  using. 

.V*  =  A  M'r  i  +  « •  <V  (I) 

where  \\  is  the  DM  command  at  time  step  k.  </>,  is  the  residual  phase,  A  is  the  ‘leak’,  and  H  is  the  servo 
gain.  The  A  gain  is  also  known  as  an  integrator.  The  integrator  induces  memory  of  the  previous  aberrations 
in  the  system,  while  the  /i  gain  is  the  resulting  correction  needed. 

For  conventional  AO  systems  using  a  continuous  face  sheet  DM.  a  least  squares  estimation  is  generally 
used  to  produce  an  estimate  of  the  residual  phase,  and  is  currently  the  method  of  choice  used  in  most 


RTR’s.  Since  the  output  of  the  SRI  is  in  mod{lK)  space,  the  RTR  must  ’’unwrap”  the  phase  before  sending 
commands  to  the  DM.  Since  the  MEMS  is  a  mod{ A)  device  this  unwrapping  of  the  phase  is  unnecessary. 
When  used  on  the  MEMS  DM,  this  RTR  causes  the  actuator  to  "rail”  causing  a  significant  decrease  in  the 
performance  of  the  system. 

In  order  to  solve  this  problem  a  MEMS  specific  controller  was  designed  that  took  the  phase  information 
directly  from  the  SRI  and  sent  it  to  the  DM,  skipping  the  reconstruction  all  together.  Currently,  the  MEMS 
controller  scales  the  phase  to  DM  space  and  appropriately  applies  the  servo  gains.  This  is  also  where  any 
piston  and  reference  removal  is  calculated.  Initial  data  with  the  MEMS  specific  controller  showed  marked 
improvement  in  performance  over  running  with  the  conventional  RTR,4  but  has  also  allowed  the  mod(2n) 
nature  of  the  MEMS  DM  to  become  evident.  Here  we  will  experimentally  demonstrate  this  behavior  and 
briefly  discuss  possible  optimization  methods. 


3.  EXPERIMENTAL  SETUP 

The  ASALT  lab  is  well  equipped  to  test  multiple  different  types  of  DM's  under  the  same  turbulence  con¬ 
ditions.  Our  optical  bench  contains  both  a  Boston  MicroMachines  MEMS  DM  as  well  as  a  Xinetics  DM. 
Each  DM  uses  a  self  referencing  interferometer  wavefront  sensor  (SRI-WFS). 


3.1  Testbed 

ASALT  uses  an  Atmospheric  Turbulence  Simulator  (ATS)  to  simulate  a  two  layer  atmosphere  with  Kol¬ 
mogorov  turbulence.6  The  ATS  consists  of  two  phase  screens  generated  by  LexiTek  used  to  simulate  low 
and  high  altitudes.  The  ATS  allows  for  well  controlled,  repeatable  atmospheric  conditions  by  controlling 
ro  (Fried’s  coherence  length),  Rytov  number  (log-amplitude  variance),  and  Greenwood  frequency  (charac¬ 
teristic  frequency  of  the  tilt  of  the  atmosphere). 

The  optical  table  uses  a  I550nm  laser  as  the  source.  This  laser  is  propagated  through  the  ATS  which 
imprints  a  scaled  version  of  the  turbulence  profile  onto  its  phase.  A  fast  steering  mirror  (FSM)  compensates 
for  the  overall  tip  and  tilt  of  the  wavefront.  The  respective  DM  then  applies  a  high-order  correction  to  the 
wavefront.  Once  reflected  off  the  DM  the  beam  is  sent  to  a  SRI-WFS  that  directly  measures  the  phase  of 
the  beam  in  mod (2k)  space.7  Figure  2  shows  the  optical  layout  of  the  table.  The  two  DM’s  are  placed 
conjugate  to  the  pupil  and  the  WFS,  i.e.  they  see  the  same  wavefront  as  is  in  the  entrance  aperture  (pupil) 
at  the  telescope. 


3.2  MEMS  Deformable  Mirror 

The  DM  used  in  this  particular  experiment  is  a  Boston  Micromachines  MEMS  segmented  device  with 
1024  actuators,  a  pixel  pitch  of  300pm  and  a  fill  factor  of  98%.  Mechanically,  the  power  consumption  of 
the  MEMS  is  approximately  40W  with  a  volume  of  0.014m3  and  a  weight  of  less  than  5kg.  This  particular 
MEMS  DM  has  an  actuator  throw  of  1 .5pm.  Figure  3  shows  the  actuator  scheme  of  a  segmented  and  a 
continuous  face  sheet  DM  for  comparison. 
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Fig.  2.  Optical  layout  for  the  table  used  in  the  ASALT  lah 

Segmented  Deformable  Mirror 


Fig.  3.  Example  of  two  different  types  of  deformable  mirrors  . 


3.J  Control  Interface 

The  control  interface  consists  of  multiple  computers  that  interface  with  different  pieces  of  hardware  on  the 
table.  Separate  computers  control  each  DM.  scoring  camera.  WFS.  etc.  The  main  console  controls  all  of 
the  systems.  This  console  consists  of  specific  modules  that  merge  both  hardware  control  and  processing 
algorithms.  This  console  is  highly  flexible  allowing  the  user  to  specify  multiple  aspects  of  the  optics  table. 
It  is  here  where  a  specific  RTR  is  implemented.  WFS  reference  files  can  be  specified,  phase  wheel  speeds 
can  be  adjusted.  D.V1  controls  are  set.  etc.  Figure  4  shows  the  particular  layout  used  for  this  experiment. 
Here  we  have  an  SRI  RTR.  which  yields  phase  only  information  from  the  SRI,  and  a  MF.MS  specific  RTR 
which  houses  the  MEMS  control  law. 
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Fig.  4.  Control  Interface 


4.  METHODOLOGY 


Implementing  a  MEMS  specific  controller  has  greatly  improved  system  performance,  but  also  has  allowed 
the  mod(2lt)  nature  of  the  MEMS  DM  to  become  apparent.  With  the  new  controller,  if  the  phase  is  is  such 
that  the  mirror  commands  the  actuator  to  extend  past  its  maximum  throw,  the  actuator  will  ’’wrap  around” 
meaning  it  will  jump  back  down  to  try  and  account  for  the  incoming  phase.  Generally  the  MEMS  DM  is 
operated  in  a  biased  mode  at  50%  of  its  stoke  and  the  DM  commands  are  wrapped  to  be  in  a  principal 
domain  of  [-jr,7r].  Therefore  if  the  DM  commands  the  actuator  to  move  n  +  £  or  -7t  +  e,  the  actuator 
will  wrap  around  instead  of  railing  as  with  the  conventional  RTR.  When  this  happens  the  actuator  has 
to  traverse  its  full  stroke  and  this  added  delay  increases  the  likelihood  of  measuring  an  incorrect  phase. 
This  will  cause  the  response  of  the  system  to  degrade  and  introduce  discontinuities  in  the  resulting  minor 
commands. 


The  idea  here  is  to  demonstrate  the  mod{2?r)  nature  of  the  MEMS  DM,  which  is  best  achieved  by  analyzing 
the  response  of  the  system  in  the  frequency  domain.  Rejection  functions  are  frequently  used  to  determine 
the  response  of  an  AO  system  to  incoming  disturbances.  The  disturbance  is  defined  as  the  incoming  aber¬ 
rated  phase  while  the  response  is  the  residual  phase  off  the  DM  ,8  In  our  case  the  response  of  the  system  can 
be  calculated  using  the  mirror  commands  sent  to  the  DM  for  the  corresponding  disturbance  as  a  function 
of  frequency,  i.e. 


S(«)  = 


y(<p) 

d«o)' 


(2) 


where  y(ft>)  is  the  known  mirror  commands  sent  to  the  DM  and  d(u>)  is  the  corresponding  disturbance  as 
a  function  of  frequency.  The  error  rejection  curve  plots  the  response  of  the  system  (usually  in  dB’s)  versus 
the  frequency.  In  the  ideal  case,  as  the  frequency  is  increased  the  response  should  asymptotically  approach 
zero.  Figure  5  shows  an  example  of  a  theoretical  error  rejection  curve  along  with  the  corresponding  noise 
rejection  function  .8 


We  discuss  two  methods  to  show  the  mod(A)  nature  of  the  MEMS  DM.  The  first  method  drove  a  single 
actuator  with  a  sinusoidal  disturbance  with  varying  frequency  and  amplitude.  The  actuator  was  driven 
from  outside  the  control  loop  meaning  the  disturbance  is  placed  on  the  mirror,  rather  than  coming  from  the 
wavefront  sensor.  Figure  6  shows  where  the  disturbance  was  added  with  respect  to  the  controller. 
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Fig.  5.  Example  of  a  typical  error  rejection  cane 
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Fig.  6.  Diagram  of  the  control  law  implemented  for  a  single  actuator  poke. 


For  this  setup  we  also  biased  the  piston  settings  on  the  DM.  This  setting  adjusts  the  position  of  the  actuators 
starting  points.  For  our  initial  data  runs  the  DM  was  pistoned  to  50%  of  its  range.  Sending  in  a  disturbance 
with  low  amplitude  in  this  case  will  result  in  the  actuator  moving  about  the  center  of  its  range  i.e.  showing 
normal  performance.  The  piston  was  then  set  at  a  zero  bias  such  that  the  actuators  all  started  at  their  mini¬ 
mum  position  allowing  for  the  wrap  around  effect  to  be  seen.  At  this  setting  the  actuators  are  moving  about 
the  minimum  and  maximum  range  of  their  throw,  i.e.  showing  mod( 2lt)  jumps  in  the  mirror  commands. 
Throughout  the  experiment  the  amplitude  and  frequency  of  the  incoming  disturbance  was  varied,  along 
with  the  bias  on  the  DM. 

The  second  method  made  use  of  the  fast  steering  mirror  (FSM).  which  normally  removes  tilt  on  the  wave- 
front.  We  again  drove  the  DM  with  a  sinusoidal  disturbance,  but  this  time  generated  by  several  waves  of 
till  on  the  FSM.  In  this  case  the  disturbance  was  introduced  before  the  controller,  i.e.  the  wavefront  sensor 
processes  the  disturbance  as  opposed  to  putting  the  disturbance  directly  on  the  DM  as  in  the  first  approach. 
As  mentioned  earlier,  the  DM  commands  are  "wrapped"  in  a  principal  domain  of  [  ,T./Tj.  Using  the  FSM 
to  produce  the  disturbance  allows  us  to  see  one  actuator  performing  normally  while  a  neighboring  actuator 
shows  the  — 7T,  —  it  jumps.  Figure  7  shows  where  the  disturbance  was  added  with  respect  to  the  controller. 
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Fig.  7.  Diagram  of  the  control  law  implemented  for  FSM  method. 


5.  RESULTS 

As  mentioned,  the  analysis  metrics  chosen  for  this  experiment  are  the  error  rejection  curves  and  the  DM 
commands.  Figure  8  shows  an  error  rejection  curve  for  the  MEMS  DM  under  normal  closed  loop  oper¬ 
ation  driving  one  actuator  with  a  sinusoidal  disturbance  while  Figure  9  shows  the  corresponding  mirror 
commands  for  each  frequency  tested.  In  this  case  the  DM  was  biased  at  50%  of  its  throw  range.  The  error 
rejection  curve  has  the  proper  functional  form;  as  the  frequency  increases  the  response  should  asymptoti¬ 
cally  approach  zero,  which  is  what  we  are  seeing  here.  The  mirror  commands  also  show  no  indication  of 
any  discontinuities. 


Errof  Rejection 


Fig.  8.  Error  rejection  nin  e. 

Figure  10  shows  the  error  rejection  curve  for  a  data  set  where  there  was  a  zero  bias  on  the  DM.  while 
Figure  1 1  shows  the  corresponding  mirror  commands.  The  error  rejection  curve  in  this  case  is  not  showing  a 
typical  response,  and  by  looking  at  the  corresponding  DM  commands  it  is  clear  why.  The  mirror  commands 
are  showing  large  discontinues  indicating  the  actuator  in  question  had  to  wrap  around  in  order  to  correct 
for  the  incoming  disturbance. 
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Fig.  9.  Mirror  commands. 


The  second  method  using  the  FSM  also  shows  similar  results.  Figure  12  shows  two  neighboring  actua¬ 
tors  with  two  very  different  sets  of  mirror  commands.  This  shows  a  particular  actuator  demonstrating  the 
mod( A)  effect  and  its  neighboring  actuator  operating  normally. 
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Error  R  ntcacn 


Fig.  10.  Error  rejection  cune  demonstrating  the  mod  (2  it)  nature  of  the  DM. 
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Fig.  1 1.  Mirror  commands  show  ing  2“  discontinuities. 
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Fig.  12.  Tlw  top  plots  slow  ilit •  actuator  location  while  the  bottom  plots  show  the  corre¬ 
sponding  mirror  commands. 
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6.  DISCUSSION  AND  CONCLUSION 


The  goal  of  this  research  was  to  demonstrate  the  effects  of  a  mod(X)  DM.  We  successfully  showed  the 
implications  of  this  in  the  error  rejection  curves  and  the  corresponding  mirror  commands.  Discussed  were 
two  separate  methods  used  to  demonstrate  the  issue;  one  by  sending  a  sinusoidal  disturbance  directly  to 
one  actuator  of  the  MEMS  DM  and  a  second  method  using  the  FSM  to  induce  tilt  on  the  wavefront.  We 
have  begun  to  address  the  need  for  an  optimized  MEMS  specific  controller,  i.e.  we  designed  an  controller 
that  can  eliminate  the  effects  of  individual  actuators  railing,  but  in  order  to  correct  for  the  wrap  around 
effect  the  current  control  law  must  be  modified.  This  will  involve  looking  more  closely  at  the  servo  gains 
and  how  they  are  effecting  the  DM  commands.  It  has  been  proposed  that  implementing  a  time  varying 
control  law  will  reduce  the  probability  of  individual  actuators  wrapping  around.  This  will  require  different 
A  and  B  gains  for  different  actuators  depending  upon  the  phase  at  a  particular  time.  Over  the  next  several 
months  we  will  begin  to  investigate  new  control  law  methods  focusing  on  how  the  A  and  B  gains  are  being 
utilized  and  applied. 
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